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Abstract
Bonding between tungsten carbide and steel is a challenging task due to their large difference of physical
properties. Previous reports were based on solid state bonding. In this study, a powder-solid mechanism
was employed for analysing the sintering and bonding process of ultrafine WC (with 8% Co added as
binder) powder and solid stainless steel (SS 304). A novel manufacturing mechanism of hot compaction
diffusion bonding (HCDB) was implemented to facilitate the bonding process. The influence of
temperature varying from 1160 to 1220 °C was investigated with an interval of 20 °C. The experiment is
conducted in a vacuum environment at constant pressure of 160 MPa. Under simultaneous effects of
temperature and pressure, WC powder was solidified and a diffusion bonding was realised with SS 304.
The bonding interface is characterised by three distinctive features, namely properly bonded area, crack
appearance and formation of diffusion layer. Generation of micro cracks are examined in the form of
single long micro crack, cluster of micro cracks and crack in WC region. An average hardness of 1971 HV
was found at 1220 °C, and the maximum mechanical bonding shear strength achieved was 172 MPa. The
microstructure morphology, composition distribution, bonding characteristics and crack formation,
diffusion mechanism and mechanical properties of the composite bimetal were examined. The fabricated
composite bimetal has the potentials in the applications where high hardness and high strength are
required simultaneously.
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ANALYSIS OF SINTERING AND BONDING OF ULTRAFINE WC POWDER AND STAINLESS STEEL BY
HOT COMPACTION DIFFUSION BONDING

Mahadi Hasan, Jingwei Zhao, Huang Zhenyi, Li Chang, Haoruo Zhou, Zhengyi Jiang*

Abstract:
Bonding between tungsten and steel is a challenging task due to their large difference of physical properties.
Previous reports were based on solid state bonding. In this study, a powder‐solid mechanism was employed for
analysing the sintering and bonding process of ultrafine WC powder and solid stainless steel (SS 304). A novel
manufacturing mechanism of hot compaction diffusion bonding (HCDB) was implemented to facilitate the bonding
process. The influence of temperature varying from 1160– 1220°C was investigated with an interval of 20°C. The
experiment is conducted in a vacuum environment at constant pressure of 160 MPa. Under simultaneous effects of
temperature and pressure, WC powder was completely solidifiedand a diffusion bonding was realised with SS 304.
The microstructure, composition distribution, bonding characteristics and mechanical properties of the composite
bimetal were examined. The fabricated composite bimetal has potentials in the applications where high hardness
and high strength are required simultaneously.
Keywords: Composite bimetal, Powder‐Solid joining, Diffusion, HCDB, bonding temperature.
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1 Introduction:
Over the last few decades, tungsten carbide (WC) materials have been widely used in many industries such as micro
drills, nuclear refractory parts, medical equipments, due to their attractive properties which includes high hardness,
high melting point, high density and high wear and erosion resistance[1‐3]. The WC materials, however,are
essentially brittle as well as expensive that shrink its applications to a limited area. Because of brittleness behaviour,
components made from WC may fail with a tiny distortion. Especially in the applications like precision micro drilling,
a little misalignment of the machine and micro drill, or a slight increase in thrust force may cause the micro drill to
break, resulting in the loss of not only the tools but also the work piece. Similarly, in nuclear fusion plant, W is used
as plasma facing material subjected to a very high surface erosion and heat load, requiring an essential high
strength material to support the component structure [4, 5]. Therefore, substituting a portion of WC components
by a material of higher strength and fracture toughness (for example steel) could solve these problems. A composite
bimetal structure of outer material WC can provide adequate hardness and wear resistance and the inner high
strength material can prevent the breakage. As a result, developing such WC/steel composite structure is of great
importance in terms of component durability and cost.
Fabricating such composite material, however, is restricted by a number of factors in relation to the large difference
of their physical properties and the fabrication methods. For instance, the big differences of their melting points
(∼2800°C for WC and ∼1500°C for steel depending on alloying elements used) has made the joining process
difficult. The key issue of WC/steel bonding is the huge mismatch of their coefficient of thermal expansion (CTE),
which is 4.5×10−6 K−1 for tungsten and 12×10−6 K−1 for steel. This diﬀerence causes high thermally induced residual
stresses trapped at the interface of bonding when the joint materials are cooled down from the bonding
temperature to atmospheric temperature. It results in a reduction of tensile strength and toughness of the joint,
leading to the crack, delamination and decreasing the service life of the components [6, 7].
Afew research works have been reported to combine W or WC with various types of alloying steels by means of a
number of different techniques that include conventional welding, metal brazing [8], plasma spraying [9], spark
plasma sintering [10], pulse plasma sintering [7, 11], and diffusion bonding [12, 13]. In order to compensate the big
difference of CTE between WC and steel, a solution used by some researchers is employing an interlayer in the
middle of two materials, whose CTE falls in between WC and steel. Zhong et al. [13] used a titanium interlayer to
bond tungsten with F82H steel by diffusion bonding. A nickel layer was used by Zhong et al. [14], to create the
bonding between the tungsten and ferritic steel under vacuum condition at 900°C for 0.5‐2h. Rosinski et al. [7]
applied a pulse plasma sintering (PPS) method to combine tungsten rods with Eurofer 97 steel by employing four
different types of interlayer i.e., Fe, 86FeTi, Ti and 25FeTi. Feng et al. [15] has joined WC‐Co with 410 type stainless
steel by diffusion bonding with a Ni interlayer. Yang et al. [12] studied the diffusion bonding of tungsten and
stainless steel by using an interlayer made of Cu, W and Ni, in a vacuum environment at 1150°C with a pressure of 5
MPa for 60 min. All these methods mentioned above are solid state joining of WC and steel, mostly with the aid of
an interlayer.Solid state joining, however, is not suitable for complex shape parts. It also requires the parts to be
made in an accurate shape prior to undergoing the joining process which leads the process to be less prone in
practical applications point of view.In addition, thedependency on a third material as an interlayer leads to
furtherprocess intricacy. Furthermore, most of the existing research have been focused on the fabrication of macro‐
size parts. When the processed parts are scaled down, problems in designing the experimental die set‐up,
fabrication method and system for mechanical properties analysis may appear, which challenge the successful
bonding of composite parts.
In this study, a novelpowder/solid hot diffusion compaction bonding technique to join WC powder with thin
stainless steel (SS304) wire under dual action of heating and pressurizing has been demonstrated. The technique
simultaneously solidifies the WC powder as well as making a bonding with steelwirewithout the aid of an interlayer.
A Gleeble‐3500 thermomechanical simulator was employed in order to conduct the bonding experiment by means
of electrical resistance heating and pressing technique. A special arrangement of die setup was designed and
fabricated in order to fit in Gleeble‐3500 and conduct the experiments of producing small sized composite parts.

TThe microstructures and
d compositio
ons of the sintered
s
WC as well as bonding inteerface were investigated
d. The
of the fabricaated joints w
were analyseed. In the ap
pplications where
w
high h
hardness and
d high
mechanical properties o
sstrength aree required co
oncurrently ssuch as diverrtor of nucleear fusion po
ower plants and
a composite micro driill; the
ffabricated co
omposite bim
metal can con
ntribute significantly.

2 Hot Coompactionn Diffusion Bondingg (HCDB)
A number off different approaches fo
or the conso
olidation of n
nanostructurred WC‐Co p
powder havee been reporrted in
tthe past. Theese include liquid phase sintering (LP
PS) [16, 17], hot
h isostatic pressing (HIP) [18], sparrk plasma sin
ntering
(SPS) [19, 20
0], pulse plassma sinteringg (PPS) [21], high frequeency inductio
on heated sin
ntering (HFIH
HS) [22], and
d rapid
O
Omni compaaction (ROC) [23]. A comp
parison of all these appro
oaches can bee found elsew
where in [24
4]. These processes
require high
h sintering teemperature and long tim
me to achievve full/near d
density of th
he product. High temperature
leads to rapid grain grow
wth of the powder, causin
ng coarsen m
microstructure and eventu
ually degradiing the mech
hanical
of the processsed parts. A good altern
native is to u
use an electrical resistan
nce based sin
ntering technique,
properties o
w
which has th
he advantagees of high deensity achievvement, enhanced sinterring kinetics,, minimum sensitivity
s
to initial
powder preparation, strrong inter‐particle bond
ding, and im
mproved finaal microstruccture [25]. In the past a few
eelectrical ressistance baseed techniquees for the con
nsolidation of
o metal powders have beeen reported
d, however, liimited
tto solidifyingg a single meetal powder such as Ti powder[26],
p
matrix compo
osite[27], an
nd cast iron[2
28]. In
and metal m
tthis study a simultaneous effect of pressure an
nd resistancee heating is utilized in order to perform sinterring of
wder and difffusion bonding between WC and thin
n steel wireco
oncurrently.
ultrafine pow
Grap
phite foil

Tantalum
m foil

D
Diffusion

Wire holder

Pressure

Punch
P
Pressure

Quartz tube

Thermocou
uple

W powder
WC

SS304 wire

Fig. 1 Scheematic diagram of hot co
ompaction diffusion bond
ding
A novel apprroach, namelly hot diffusion compaction bonding ((HCDB), has been implem
mented in thiis study in orrder to
investigate the powder‐ssolid diffusion bonding.Th
he schematicc diagram of HCDB is presented in Figg. 1. HCDB is based
o
on the princciple of electrical resistan
nce sinteringg. In addition
n a pressure is employed instantaneo
ously to acceelerate
tthe densification processs. In this m
method, electrically con
nductive sam
mples (WC p
powder as ccore materiaal and
SSS304wire as sleeve material) areplaaced in an in
nsulated con
ntainer/die (quartz tube in this expeeriment). Eleectrical
ccurrent is theen flowed fro
om one end to the other end through
h the samplee and generatte resistancee heating by m
means
o
of Joule effeect. Single orr multiple pu
ulses currentt are supplieed in order to
o propagate rapid inter‐‐particle as well
w as
d
diffusion bon
nding between two mateerials. Conseq
quently, a co
ontinuous preessure from both sides of the samplee helps
tto quicken the
t compacttion of the powder as w
well as bond
ding betweeen two mateerials. Thereefore, HCDB has a
potential to produce finee grain, unifo
orm and full/n
near full den
nsity of the final product in
i a short tim
me.

3 Experiimental procedure
In this study,, near spheriical‐shaped p
plasma arc discharged ulttrafine WC p
powders with
h an average particle sizee (APS)
o
of 400 nm were
w
used as outer sleevee material an
ndaustenitic SS 304 wire of 1 mm diaameter was used as inneer core
material. Thee chemical co
ompositions of WC‐8Co powder
p
and SS 304 are p
presented in Table 1. Thee scanning eleectron
microscope (SEM) imagee and energyy dispersive sspectroscopyy (EDS) mapp
ping of the as received po
owders are sshown
ne WC‐Co po
owders are faairly uniform with an APSS of 400nm particle
in Fig. 2. It caan be seen (FFig. 2 (a)) thaat the ultrafin

ssize. Fig. 2(b)‐ (d) show th
he presence of W, C and Co particles,, respectivelyy. Two phaseesWC and WC
CCoare preseent, as
d
depicted in p
phase analysis maps (Fig. 2 (e)‐(f)) by Aztec‐3.3, Oxford instrum
ment for nan
no‐analysis.
TTable 1 Chemical compo
ositions of WC and SS304 (wt %)
Ni
Zn
Material C
Cr
N
Co
Fe
n
Al
WC
8
8.0 0.05 <0.01 0.06 0.02 <0.06 0.03
SS304
‐ Balance <19.5 <0.1 <10.5
(a)

V
Mn
0
0.04
‐
2.0

C
‐
<0.08

O
<0.5
5
‐

P
S
‐
‐
0.045 0
0.03

Si
‐
0.75

(e)

(b)

W M‐series

(c)
WC
CPhase

(f)
CK‐series

(d)

Co K‐seriess

W
WCCoPhase

Fig. 2(aa) SEM imagee and(b – f) EDS
E mappingg of the as‐received WC‐8
8Co powders.
In order to conduct the ssintering and bonding exp
periment, Gleeeble‐3500 tthermomechanical simulaator was used. The
G
Gleeble 350
00 (Fig. 3 (a) and (b)) is equipped with a fullyy integrated digital clossed loop con
ntrol thermaal and
mechanical ttesting system, which can
n provide an accurate execution and repeatable ttesting progrrams. The maachine
ttypically hass a high speeed resistancee heating sysstem, a servo
o hydraulic p
pressurizing ssystem and a computer based
d
data acquisittion system aand is suitable for various processes ssuch as hot rrolling, contin
nuous casting, forging, w
welding
aand extrusio
on[29]. The eexperimental arrangements are pressented in Figg. 3 (c) and ((d). As show
wn in the exp
ploded
vview designeed in Solidworks (Fig. 3 (c)),
(
the wiree‐holder wass first inserteed into the q
quartz tube o
of inside diaameter
(ID) 2.7 mm and outsidee diameter ((OD) 6 mm and
a length 5
50 mm. Onee millimetre diameter SS304wire wass then
o the wire holder up to a distance of
o 4 mm. Aftterwards, ulttrafine WC powder
p
was poured insid
de the
inserted into
q
quartz tube. The powderr was then co
ompacted un
nder the man
nual pressuree to a green density
d
of ap
pproximatelyy 13 %.
A
Achieving off higher greeen density w
was restricted
d due to thee possibility of the breakkage of the quartz tube.. After
manual com
mpression, th
he second wire‐holder w
was inserted to the otheer side of thee quartz tub
be. A thin layer of
ttantalum foil was placed
d on the end
d of wire hold
der, followed
d by graphite foil in ordeer to protectt the punch not to
aadhere with
h the wire h
holder, as sh
hown in Fig. 1. A pair o
of thermocou
uples was u
used to conttrol the macchine’s
ffunctionalityy during expeeriment. Theey were inseerted through
h a 1 mm ho
ole made thrrough the wall
w of quartzz tube.
Portion of th
hermocouplees that passeed inside diee were insulaated by ceramic tubes. TThe prepared
d sample wass then
placed insidee the die seet‐up, and asssembled byy four screws and then placed inside Gleeble‐35
500 simulato
or and
cclamped bettween the tw
wo jaws as sshown in Fig. 3 (b).Gleeb
ble‐3500 jaws were adjussted to hold the punch guides
g
aand moved smoothly on horizonttal axis and
d then sub
bjected to cconduct hott compression in a vaacuum
eenvironmentt(<5.0 X 10‐33Torr). Prior to assembliing all the components were cleaneed in an ultrrasonic bath using
eethanol for 1
10 mins and tthen dried in
n air.

(a)

(b)

p Die
(c) Top

(d)

P
Punch
SS 304 wirre
Quarttz Tube
Thermo
ocouple
Wire holder
Hole fo
or placing Punch Guide
therm
mocouple

Botto
om Die

Fig. 3Sintering and bonding experim
ment setup:((a) Gleeble 3500 thermomechanical simulator, (b) Illustration of
ccompression
n system, (c) exploded view of die asssembly, dessigned in Soliidworks, and
d (d) die asseembly fitted inside
G
Gleeble‐3500
0.
TThe experim
ment was carrried out in vaacuum environment. Theetemperature range used
d in this stud
dy was varied
d from
1160‐1220°C
C with an intterval of 20°C
C. A constan
nt pressure of
o 160 MPa w
was employeed throughout the experriment
ffor 20 min of
o sintering time. Fig. 4(a)) and (b) sho
ow the historry of sintering and bondin
ng process of
o HCDB cond
ducted
in Gleeble‐35
500 simulato
or. A slow heeating and co
ooling rate o
of 2°C/s was implemented in order to
o achieve fulll/near
ffull density of the WC aand better q
quality of thee bonding as shown in Fig. 4 9(a).FFig. 4 (b) sho
ows the history of
ccompactionsstroke moveement. The powder co
ompaction range varied
d from 12‐1
15 mm dep
pending upo
on the
ttemperaturee. A maximum
m of 15 mm powder com
mpaction was obtained at 1220°C.
1160C
1180C
1200C
1220C

1200

Temperature (C)

1160
1120
1080
1040
1000
960

(b)

0
0.0

1160C
1180C
1200C
1220C

-0
0.2

Stroke movement (cm)

1240

(a)

-0
0.4
-0
0.6
0.8
-0

Pow
wder compaction
(12 - 15 mm)

-1.0
-1.2
-1.4

920

-1.6

6

8

10

12

14

16
6

18

20

22

24
4

Time (min)

26

28

30

32
2

34

36

0

5

10

15

2
20

Time
e (min)

25

30
0

35

40

Fig. 4History of hot compression processat different temperatures:(a) heating and cooling, and(b) stroke movement.
To examine the microstructure and bonding quality of the composite bimetal, specimens were prepared by cutting
the cross section of the bimetal across Y‐Z plane as shown in Fig. 5 (a). The specimens were then mounted in 20ml
of polyfast resin by Citopress Mounting Press machine (Struers) followed by grinding and polishing to 1 μm diamond
finish by Tegramin grinding & polishing machine (Struers). The microstructure of sintered WC and bonding were
analysed by SEM equipped with backscattered electron (BE) and EDS. The grain and grain size distribution were
analysed by optical microscope (OM) and the images were processed by Leica Application suite(LAS Core V4.0)
software to create the histogram. The phases of the fabricated composite bimetal were examined by X‐ray
diffractometer (XRD) using monochromated Cu Kα radiation.
The mechanical properties of bimetal were evaluated by examining the microhardness and bonding shear strength
at room temperature. The micro hardness profiles were obtained across the interface of the bonded area by
StruersDurascan Vickers microhardness tester using 0.5 kg load and 10 seconds dwell time. A tailor made testing
setup was designed to carry out bonding shear strength test. The schematic diagram of the arrangement is
presented in Fig. 5 (b). The specimens were cut by precision cutting machine with a thickness of 0.7mm,and tensile
tests were conducted on a micro tensile testing machine.The bonding zone were examined using SEM and the
bonding shear strength was calculated using Eq. (1).
Right bracket to micro
tensile testing machine

Y

Z

X

0.7 mm

Load

Y

Load

(a)

Z

Left bracket to micro Anvil
tensile testing machine
(b)

Fig. 5 Schematic of mechanical properties testing (a) schematic of cutting views,(b) bonding shear strength test.
(1)
whereσbonding is the shear bonding strength in MPa, Fmaximum is the maximum load recorded in micro tensile testing
machine in N, and Abonding is the shear bonding area in m2.

4 Results and Discussion:
4.1

Microstructures of sintered WC powder and SS304 under HCDB

Fig. 6 shows the density and SEM micrograph of the sintered WC ultrafine powder. Fig. 6 (a) indicates that density
increases with the increment of temperature while the applied pressure and sintering time are kept constant, and
the maximum density of 84.40% is achieved when the sintering temperature is increased to 1220 °C. The
achievement of full density is limited by the initial small green density of 12‐15% when compared to theoretical
density. This is because the green density was obtained by manual pressing of WC inside the quartz tube
considering the possibility of cracking the quartz tube at high pressure. Fig. 6 (b) – (d) show the microstructure of
sintered WC powder at different temperatures. It can be seen that the inter‐particle gaps decreases with the
increase of temperature, indicating that the density of sintered powder is dependent on the temperature applied as
reported in [30]. This is due to the fact that grains of WC powders grows bigger with the temperature. This
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4.2

Microstructure and morphology of the bonding interface

The bonding between WC and SS304 is characterised by three phenomena. Firstly, the region of successful bonding,
secondly the appearance of crack at the interface and lastly the formation of an interface layer at the joining area.
Fig. 9 shows the BE SEM micrographs (left side) and EDS mapping (right side) of the joint interface bonded at
different temperatures. All images are taken under same magnification for comparison. In all the BE images, the left
or bottom part with light grey contrast is WC and the right or upper part with deep grey contrast is SS304. All the
bonding interfaces present similar layered microstructure, however, the diffusion zone grows bigger with the
increase of temperature from 1160 to 1220°C. This indicates that the atomic interdiffusion is augmented at higher
temperature. This phenomenon is also observed by Zhong et al. [13] in their investigation of joining W and F82H
steel. At 1160°C, WC at the interface is characterized by large amount of micro gaps as shown in Fig. 9(a). It can be
seen that the WC is characterized by low density and large amount of micro gaps. This indicates that the
densification of WC powder particles does not occur completely at this temperature. The diffusion of small amount
of Fe and Cr into WC area, and Co into steel area is observed, as indicated by EDS mapping. At lower temperatures
of 1160°C and 1180 °C, no migration of W element is observed. Migration of W element is the minimum in all cases,
which is thought to be due to the high molecular mass of W,as explained by Pelleg[34] that smaller atoms diffuse
more readily and fit into atomic vacancies more easily than that of larger ones. With the increment of temperature,
the solidification of WC powder improves. As shown in Fig. 9(b), the quantity of micro gaps has reduced with the
increase of temperature from 1160 to 1180 °C. The bonding interface and diffusion features at 1180 °C remain
nearly the same as that at 1160°C. At temperatures of 1200°C and 1220°C, the diffusion of Fe and Cr elements into
WC area is significant, as shown in Fig. 9(c) and (d). Diffusion of a small amount of W element into steel zone is also
realised at these two temperatures. As shown in Fig. 9(c), the solidification of powder has been improved. At
1220°C, the highly densified WC is observed with a minimum number of micro gaps, as indicated in Fig. 9(d). The
micro gaps are not completely avoided because of the initial loose green compact as discussed in previous section.
However, the inter‐particle diffusion proves the successful bonding between powder‐solid composite bimetal of WC
and SS 304. This can also be demonstrated that the diffusion increases with the increase of temperature, so does
the improvement of bonding.
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4.3

XRD phase analysis

In the current study, XRD analysis was conducted in order to determine the various phases present in the composite
bimetal of WC and solid SS304. Fig. 12 shows a typical spectrum of the bimetal sintered at 1220 °C. The XRD
spectrum specifies the existence of W2C (ICCD card: 20‐1315), pertaining to 2θ values 39.56° and 81.25°, which is
associated to the possible decarburization of WC[44]. The decomposition of WC and formation of W2C can be
attributed by following two equations which form in the temperature range of 1000 °C to 1300 °C [45].
WC → W + C

(4)

2W + C→ W2C

(5)

The XRD spectrum indicates the existence of ferrochrome (FeCr) which can be attributed to the raw component of
SS304. The spectrum also illustrates the presence ofFe3W3C (ICCD card: 23‐1128) pertaining to 2θ values 64.2°,
65.62°, 69.13° and 77.13°. This can be attributed to the reaction among Fe, W and C as mentioned in Eq. (2). The
existence of Co3W3C phase (ICCD card: 24‐1125), corresponding to 2θ values 42.42°, 83.33° and 98.95°, can be
described as the diffusion of Co molecules into WC particles at high temperature. The possible reaction that could
take place can be presented by Eq. (6)[46]:
3WC + 3Co + O2 → Co3W3C + 2C

(6)

The formation of phase Co7W6 (ICCD file: 02‐1091), corresponding to 2θ values 47.56°, 57.25°, 73.01° and 77.09°, is
attributed by the reaction between Co3W3C and CO. The reaction formula is presented in Eq. 3 [43]. The XRD
spectrum also indicates the presence of Al5Co2phase (ICCD card: 03‐1080), corresponding 2θ values 29.14°, 40.61°
and 93.13°. The decomposition of Al5Co2 can be attributed to the following equation [47]:
AlCo + 4 Al + Co = Al5Co2

(7)
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Fig. 12 XRD spectrum of the composite bimetal sintered at 1220 °C.
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4.4

Evaluation of mechanical properties

Mechanical properties of the fabricated composite bimetal WC and SS3 04 have been evaluated by means of micro
hardness test and bonding shear strength test. Fig. 13(a) and (b) show the indentation points and the microhardness
profiles attained across the interface of composite bimetal respectively. The left and right part of the curve present
the hardness of WC, and the middle part for SS304. It can be seen that the hardness of WC shows an increasing
trend with the increase of temperature. As discussed in earlier section, since the density of sintered WC increases
with the increase of temperature, this contributes to the increase of hardness. This finding is in line with outcome
investigated by Srivatsan et al. [48]. They have shown that hardness of WC increases with an increase of density.
The average hardness values of WC achieved at 1160, 1180, 1200 and 1220°C are 1255, 1705, 1810.5 and 1971 HV,
respectively. The hardness of SS304, however, remains similar at all temperatures as indicated in Fig. 13(b). The
reasons of no significant change in hardness of SS 304 are the nonappearance of any visible phase transformation
due to temperature variation and resemblance of grain sizes of the specimens obtained at different temperatures.
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Fig. 13Microhardness profiles of the composite bimetal:(a) schematic diagram showing the measurement points,
and (b) microhardness profiles taken at different temperatures.
To investigate the bonding strength at the interface, a tailor made apparatus was employed as mentioned in Fig. 5
(b). As depicted in the figure, the anvil goes from left to right until the steel part fall off. The micro tensile machine,
equipped with a high precision load cell, continuously records the force provided by the anvil against the time. The
results show that the maximum bonding shear strength is obtained at the sintering temperature of 1220 °C. The
result is shown in Fig. 14.It can be seen from the figure that the force increases progressively with the time until it
reaches the critical value as denoted by the red dotted line. This is the point where the bond between WC and SS
304 can sustain. Beyond this point, when force continues to apply, shear failure of the bonded area happens and
the value of force starts to reduce before it reaches the ultimate fracture point. The ultimate fracture occurs when
the steel part falls off the bonding as shown in right side of Fig. 14. The maximum force that the bond can sustain,
reported to be 379 N. The ultimate fracture occurs at 268 N. Based on Eq. (1), the force is converted to calculate the
bonding shear strength as reported by [28]. The maximum value of bonding shear strength achieved is 172.27 MPa.
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FFig. 14 Determ
mination of b
bonding sheaar strength in
n micro tensiile test.

5 Concluusion:
In this studyy, a novel ttechnique teermed as HC
CDB was deemonstrated,, to examine the bonding characteeristics
between WC
C and SS 304
4. A powder‐ssolid sinterin
ng and bonding route was implementted with the aims of enhaancing
inter‐particlee diffusion aand improviingthe quality of bonding between
n them. HCD
DB showed the possibility of
manufacturing diffusion based composite bimetal with imp
proved quality of bondin
ng. Ultrafinee WC powdeer and
SSS304 wire were used as outer an
nd inner materials respeectively. Thee experiment was condu
ucted at diffferent
ttemperaturees ranging fro
om 1160°C tto 1220°C wh
hile the presssure and tim
me were kep
pt constant at 160 MPa and
a 20
mins respecttively. The m
microstructure, phase form
mation and m
mechanical p
properties off composite bimetal
b
havee been
aanalysed. WC powder was completely solidified; however, th
he microstructure revealeed the preseence of micro
o gaps
d
due to inadeequate initial green densiity. The amount of micro
o gaps reduceed with the increment off temperaturre. The
d
density obtaained varied ffrom 12.29 tto 12.71 g/cm
m3 which weere 81.99 to 84.40% compared to theeoretical onees. The
bonding inteerface was ch
haracterised by three pheenomena, i.ee. regions of good bondin
ng, appearan
nce of micro cracks
aand formatio
on of interfacce layer. Thee phases form
med during sintering
s
and bonding weere examined
d by XRD speectrum
aand the corrresponding p
possible reacctions were illustrated. The
T mechaniccal propertiees of the bim
metal indicateed the
aachievementt of high harrdness of thee WC and good bonding between WC
C and steel. TThe maximum hardness of WC
aand bondingg shear stren
ngth obtaineed ware 1971 HV and 17
72MPa, resp
pectively. Further research is necesssary to
o
optimise thee parameterss for better sintering performance aand high quaality of bonding. In the applications
a
w
where
high hardnesss and high strength aree necessary, this fabricated compositte bimetal haas substantiaal potentials to be
used.
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